ABSTRACT: Optical fiber sensors based on light backscattered by particles are widely used to measure the size and/or the concentration of suspended particles. They are used in several applications like Chemical Mechanical polishing (CMP). An optical device for high Concentrated CMP silica slurry monitoring is presented. To predict the response of the probe, a Monte Carlo simulation was developed. This code was validated by using calibrated latex beads. A comparison between calculation and experimental data is given for dense suspensions of silica particles at different sizes and concentrations. A good correlation between measurement and simulation was found.
Introduction
Chemical-mechanical polishing (CMP) is a process using an abrasive suspension, known as slurry, to remove surface irregularities and to obtain uniform planarization of a silicon wafer. Slurries are composed of submicron particles and chemical reagents. During a CMP process, the silicon wafer is rotated on its axis while being pressed face-down by a carrier against a polishing platen covered with a soft polymer pad. Slurry is distributed between the wafer and pad interface. The slurry particles and chemicals work together at pressure P applied on the top wafer surface to remove some wafer material and obtain a perfectly plane surface. A typical configuration of the rotational type of CMP machine is shown schematically on figure 1.
Though CMP has been widely used in the semiconductor industry for many years, CMP metrology still offers many challenges. Foremost among those challenges is measurement of small changes in the particle size distribution (PSD) of the slurry. These changes may be responsible for poor CMP performance. Agglomeration and contamination resulting from slurry distribution system irregularities, poor slurry manufacturing quality control and transportation issues can introduce large particles into the slurry. These large particles can scratch wafers, causing yield reduction. The preceding causal factors can also force a shift in the PSD mean size, resulting in a change in CMP removal rate. Also, slurries are commonly purchased in concentrated form and diluted with water on-site to minimize shipping and labor costs. However, after dilution, there can be variations in concentration and/or size of the particles (due for example to agglomeration). These variations stemming from the slurry mixing or supplying system are usually not monitored and therefore not controlled. By monitoring some of its characteristics, the slurry quality must be evaluated to ensure the most reliable CMP process.
To maintain optimal CMP performance, it is essential to control some parameters of the slurry: chemical composition (e.g., oxidizer and additive levels and their decay behavior); abrasion properties: large particle content, mean particle size distribution, weight percentage of solids, viscosity, etc. [1] - [3] . Particle-size distribution and concentration are the most recent focus area for monitoring slurry specifications. A wide variety of optical and non-optical measurement techniques have been tried, in an attempt to solve this CMP metrology problem. PSD measurements are typically made using dynamic light scattering (DLS), extinction methods like ultrasonic spectroscopy [4] and optical extinction spectroscopy [5] , laser diffraction and light scattering based analyzers and electroacoustics. A detailed comparison of common PSD analyzers is provided in [1] . Fiber optic sensors based on light backscattering [6] - [13] are also used for such measurements because they are non-intrusive, easy to use and the measuring principle enables to obtain stable optical signals even from highly concentrated dispersions. In this study, we choose a sensor based on light backscattering to monitor size and concentration. The optical backscattering measurement principle is used due to the high concentration of particles which make suspension opaque to visible light. Also, in dense suspensions multiple light scattering appears. This problem can be solved in the framework of the theory of radiative transfer [14] . Considering the geometry of the problem, the Monte Carlo technique [6, 8, 9, 15, 16 ] is a convenient way to solve the radiative transfer equation (as it is known that the Monte Carlo provides the exact solution of the radiative transfer equation).
The goal of this work is to test the sensitivity of an optical system to PSD and concentration drifts. The first step of this study is to characterize it off-line, knowing that the final objective will be to develop a low-cost real-time slurry monitoring sensor which will be installed at the point of use.
Results of off-line size and concentration monitoring by this optical system are presented for commonly used silica slurries and compared to a Monte Carlo simulation of light propagation inside the suspension. Section 2 describes the experimental procedure used for recording optical signature of the slurry. Section 3 describes the sensitivity of the sensor to a small variation of slurry concentration. Section 4 describes the sensitivity to a change of the particles size distribution, with two experiments: (i) some large particles are added to the slurry to mimic aggregation, (ii) aggregation is forced and the change in the recorded signal is analyzed. 
Experimental set-up
The equipment (figure 2) is composed of a source (Avalight-HAL, halogen light source, Avantes) which emits light that is conducted by optical fibers into the suspension. Detection fibers collect the reflected light and guide it to a spectrometer. Our backscattering probe (Ocean Optics) is based on a natural close-packing arrangement of optical fibers. Typically, the arrangement is a tight bundle of seven optical fibers: six illumination fibers around one detection fiber. This arrangement ensures parallel orientation of the fibers. In order to avoid specular reflection effects when the probe is immersed in dense solutions, the fibers pack is terminated by a surface at an angle of 60˚relative to the sensor axis ( figure 3 ). The central read fiber splits from the other six fibers and conduct light to a spectrometer. The outer six illumination fibers are connected to the light source. The spectrometer (spectral range from 277 nm to 1100 nm, and optical resolution of 0.59 nm) is equipped with a CCD detector array. The spectrometer is interfaced to a personal computer by means of an acquisition card.
It is expected that the detected light intensity will be sensitive to (i) the particles concentration in suspension, (ii) the scattering properties of particles, depending on refraction index, size, shape, etc, i.e. to slurry properties.
The experiment consists in measuring the signal backscattered by a reference slurry. The slurry is then destabilized, by the adding of salt or some large particles or by suspension dilution, with the consequence of size and/or concentration modification. The signal variation is recorded and compared to the reference signal.
3 Influence of the concentration on backscattered light
Experimental procedure
The experiments were carried out with the simple setup described in figure 2. It was used to monitor various slurry concentrations: a 40%wt Klebosol silica base suspension was used to prepare standard solutions of varying concentrations. The standards were prepared by diluting the initial suspension with deionised water. Concentrations used varied between 1.33%wt and 4%wt. This concentration range corresponds what is typically used in industry for the wafer reclaim application. After each dilution the sample was homogenized by one minute moderate stirring and the PSD was measured using a Nanotrac system (Microtrac). The principle of this commercial system is to send light produced by a laser diode through an optical fiber to the suspension and to measure with a detection fiber: (i) the backscattered light, (ii) the scattered light whose frequency is shifted due to Doppler Effect from Brownian motion of the particles. Suitable signal inversion allows obtaining the particle size distribution. The median diameters of slurry particles obtained by Nanotrac system for different dilutions are presented in table 1. The median diameter shows only little variations with varying concentration and is therefore considered constant: dilution only affects the concentration.
The procedure to measure the sensitivity of our optical sensor to the concentration of the slurry is as follows: first, we recorded the signal backscattered by the suspension at 4%wt concentration, i.e. the reference signal. After that, the signal of the diluted slurry was measured and the signal variation in comparison to the reference signal was calculated. Figure 4 shows an example of a spectrum of the signal obtained at concentration 1.33%wt and the reference signal at concentration 4%wt. We observe that when concentration decreases, the backscattered light decreases relatively to the reference signal obtained with the primary suspension.
Because of the necessary fast signal processing when the probe will be inserted in an in-line measurement, only wavelengths λ =514 nm and λ =650 nm have been chosen for experimental results and computations, corresponding to two emission bands of maximum intensity of low-cost sources like LED.
In order to understand the behavior of the backscattering signal, a simulation of the sensor response has been carried out with Monte Carlo simulation.
Monte Carlo simulation
The basic assumption of the Monte Carlo (MC) technique is that the propagation of the light inside the scattering medium is a sequence of single scattering events. It implicitly means that there is no dependent scattering. The consequence is that any elementary volume inside the scattering medium is optically defined by the single scattering characteristics of the particles. These properties are evaluated experimentally or calculated using a suitable theory.
In the present case, the slurry particles are assumed to be spherical. In this case, given the diameter of the particles and the optical index of silica, the Mie theory allows to compute the extinction cross section σ ext , the absorption cross section σ abs and the phase function f (θ ).
Inputs of the simulation are then the particle size distribution (PSD), the slurry concentration and the refractive index of the particles and of the liquid.
A classical algorithm of a MC simulation is as follows (figure 5):
(i) Photons enter the simulated scattering medium from an initial position with an incident direction of propagation inside the acceptance cone β (numerical aperture),
(ii) Free path length l before each light-particle interaction is derived from the Beer-Lambert law and is calculated as a function of the extinction coefficient k ext using a random number ξ , uniformly distributed between 0 and 1. A scattering position is deduced.
(iii) After a scattering event, the new direction of the photon defined by two angles is selected based on two random numbers.
Steps (ii) and (iii) are repeated until the photon exits the medium, hits the detector or has undergone a limit number of collisions (defined so that it does not change the convergence of the computation). The resulting flux on the detector is proportional to the flux of the source and to the ratio of the number of detected photons to the total number of sent photons.
The Monte Carlo approach is an easy way to consider extremely complex phenomena, but is generally time consuming, especially for small detector surfaces and /or small detection solid angles. As the collection angle decreases, the number of detected photons decreases. Thus the number of photons to be launched from the light source to obtain an accurate statistical description of the phenomenon increases dramatically and leads to a non reasonable run time. In order to increase the number of "useful" photons, a semi-analytical Monte Carlo [18, 19] approach has been developed. This is a mixture between a statistical and an analytical method, but mathematically equivalent to the classical Monte Carlo method.
In classical Monte Carlo method, the detected signal is built from photons reaching the detectors. Other photons do not contribute to the detected signal and it leads to a lost of computation time. In the semi-Monte Carlo method, the contribution to the detected signal is computed at each photon collision. This contribution is evaluated from the relative position of detector and photon, the phase function of the scattering particle, and the probability for the photon to reach the detector without being scattered or absorbed by the medium (attenuation by Beer-Lambert law).
All geometrical dimensions of the probe and of the vessel in which fibers are introduced are taken into account.
Comparison between experimental results and numerical simulation
It has been shown in section 3.1, that the backscattered signal increases monotonically with the concentration of the slurry. The signal variation ∆S(λ ) of the diluted slurry at concentration C i compared to the reference slurry is defined by:
where S(C i , λ ) is the signal measured at C i and S re f (λ ) is the signal obtained for the reference concentration and λ =514 nm or λ =650 nm. Figure 6 presents experimental values of ∆S(λ )as function of the concentration in comparison with Monte Carlo simulations. We observe a good correlation between simulated and experimental results. The backscattered signal decreases when concentration decreases. In order to explain this effect, we introduce the mean depth z, defined as the mean position of the scattering events. This parameter may be easily computed during the Monte Carlo simulation, and is shown on figure 7(a) versus the concentration and on figure 7(b) versus the mean free path. It clearly increases when concentration decreases. It means that more the concentration is important, more the particles participating to the scattering are close to the detector. The view angle of the detector from the particles is then larger, leading to a better signal detection. On the other hand, the mean penetration depth is larger than the mean free path, showing that light undergoes a large number of scattering events before being detected by the fiber, increasing the probability to return to the detector.
It should be stressed that the size of the vessel containing the slurry is enough large, so that the scattering medium may be considered as infinite. But in semiconductor industry, the pipe implemented in the slurry distribution system has a small diameter. So this size may influence the measured signal, by suppressing some possibilities for the light to return to the detector by escaping by the walls. This case has not been studied in the present work.
Finally, our optical sensor is very sensitive to the slurry concentration. If accuracy of 1% is assumed on the backscattered signal, it allows a detection of 0.1%wt of concentration change in the range from 1.3%wt to 4%wt. This sensitivity is satisfactory for a wafer reclaim application. In fact, the sensitivity needed in this application must allow a detection of concentration variation at least equal to 0.1%wt.
Size monitoring
Commercially available sensor devices are presently unable to measure in situ the particle size distribution of dense CMP slurries. The major problem for particle sizing of this suspension during a process is that the conventional methods often require sampling and significant dilution. Uncertainties arise due to the unknown behavior of such dense dispersions induced by the dilution step since the physicochemical and hydrodynamic conditions are changed. This gives rise to the recurrent issue of how representative the sample is. A better control of the slurry would result if measurements were carried out in true processing conditions. This enhanced process control, if available, would allow early detection and appropriate corrective measures. In this section, the Monte Carlo simulation is used to predict the sensor response as function of size variation. Validation of this code is made on latex spheres whose optical properties are well known. After that, we present experimental results obtained with silica particles suspended in water. A comparison between measurement and simulation is studied.
Validation with calibrated latex particles
In order to model the real PSD in Monte Carlo simulations, the suspension is considered to be a collection of Nclasses of monodisperse particles with a scattering cross-section σ sca,i .
A validation is made by comparing the computation results with experimental ones. The process is as follows:
• A reference signal is recorded on a suspension, composed of calibrated latex particles (refractive index=1.59) in water. The diameter of the particles is 100 nm and the concentration is 2%wt.
• A known amount of 300 nm diameter latex particles are added to this base suspension. A bimodal PSD is obtained. An example of such distribution, measured with Nanotrac, is presented in figure 8 . Signal variation ∆S(λ ) is then measured as a function of the volume percentage of large particles added to small ones. The results are shown in figure 9a and 9b. For the two wavelengths, the backscattered signal increases with the volume of added particles. Also, the change in the signal variation is significant when the volume of large particles is at least 1% of the small particles volume. In other terms, the detection limit corresponds to 1 large particle for every 2700 small ones. An excellent correlation between measurements and simulations is obtained, validating the computational procedure.
Simulation of slurry contamination by large particles
Bimodal particle size was created by adding a small amount of large particles of PL7 slurry (Sumitomo) to a suspension (Klebosol 30N50) containing only small particles. PL7 with a mean particle size equal to 110 nm was used to model the aggregated particles. The Klebosol 30N50 (a colloidal silica slurry) has an initial solid content of 30%wt, a pH of about 11 and a density of about 1.9 g.cm −3 (silica density is 2.3 g.cm −3 ). It was observed by scanning electronic microscopy that the silica particles in Klebosol 30N50 were spherical and monodispersed. Their mean diameter was roughly estimated at 60 nm. The experiment was carry out with suspensions at constant concentration of 4%wt. Figure 10 shows the results of a study to determine the sensitivity of the slurry monitor to the presence of a few large particles. Results show that the signal variation increased immediately upon addition of large particles. A small amount of large particles can be clearly detected. Thus the sensitivity of the sensor is sufficient to easily detect agglomeration or dust. Also, the results show a good correlation between measurement and simulation. 
Sensor response to particles aggregation
In CMP-slurries, modifications in the particle size may occur due to agglomeration. In the worst case scenario, these large agglomerates provoke scratches on the wafer [20, 21] . To initiate agglomeration, calcium chloride (CaCl 2 ) salt was added. Flocculation of silica suspensions was carried out by using a standard flocculation jar test. A colloidal silica suspension of particles with an initial size of 60 nm was used at a concentration of 4%wt. The procedure consisted in adding various amounts of CaCl 2 to the silica suspensions in rapid mixing mode for 3 min to homogenize the suspension, followed by slow stirring conditions for 3 hours to allow particle aggregation. At the end of this period, stirring was stopped and the PSD was measured with Nanotrac. Figure 11 gives the PSD of the suspension, showing that the agglomeration process is proportional to the concentration of salt added.
The aggregation of particles leads to the shift of the distributions towards the larger sizes. The evolution of the particle size distribution shows the appearance of a second population of particles for a concentration of added salt equal to 0.0021 mol/l, which is due to the formation of quite large aggregates, while the first peak moves gradually towards the larger sizes and decreases in intensity. It can be thought that the suspended particles are of two types: an initial population of primary particles and small aggregates, which evolves slowly and tends to disappear while a second population of large aggregates is created.
Signal variation ∆S(λ ) is obtained as a function of suspension median diameter ( figure 12 ). The signal increases as particle size increases. Also small changes in size lead to a significant signal variation. The theoretical and experimental sensor response have the same tendency, but levels are different.
The reason for this difference could be the assumption of spherical particles by Monte Carlo simulation even for the aggregates. Indeed, aggregates have a complex shape, often modeled as fractals. This problem is solved by introducing a new parameter: the mean optical index noted n [22, 23] . It characterizes the mean optical environment of scatterers belonging to the fractal objects. It takes into account the multiple scattering affecting the light scattered by fractal aggregates. The scattering behavior depends strongly on the optical index of scatterers environment. Thus the presence of neighbors around scatterers decreases scattering. Introducing this setting into the simulation code significantly improves the correlation between the experimental and theoretical data. The mean optical indexn is chosen so that experimental and simulated values are in good agreement (figure 12). We observe (figure 13) thatn, initially equal to the water index (n=1.33), increases with aggregate diameter and tends to the index of silica (1.44). So, the variations of the optical index of scatterers environment are strongly correlated to the local structure around scatterers.
We conclude from these results that the sensor is sensitive to size variations. Monte Carlo simulation allows to extrapolate obtained results across different conditions. It also can be applied to examine various what-if scenarios, for instance, investigating the sensor response over a wide range of size or concentration or to predict the response of other probe geometry. The accurately prediction of the sensor responses enables us to easily design a reliable sensor for in line slurry monitoring.
Conclusion
This paper presents the results of measurements carried out with a very simple and low cost optical system for controlling slurry stability. Sensor response to a variation in concentration showed that the signal variation significantly decreased as concentration decreased. Sensitivity is about 2% for a variation less than 0,1%wt of the concentration. The experimental results and the Monte Carlo simulation were in good agreement. To simulate an alteration in size, the PSD was modified by adding calcium chloride or quantities of large particles to a slurry containing smaller particles. Experimental data shows that the sensor is very sensitive to small changes in slurry size. Sensitivity is about 10% for a variation about 20nm. To predict sensor response, a numerical code was developed based on the semi Monte Carlo method. The code was tested on calibrated latex beads. A good correlation between experimental and numerical data was obtained. Following these very encouraging results, an in-line optical sensor will be developed based on the same principle as the optical bench.
